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SECTION 1
INTRODUCTION

The dynamic properties of porous ceramics are important
because ceramics are used in many lightweight armor designs.
Reference 1 presents data for the dynamic properties of B,C with
porosity in the range of 0 to 15 percent, observations include
variations in elastic sound speed, variations in shock strength

(HEL), and measurements of shear strength.

In this report we present additional analyses of the data
presented in Reference 1. We also report a few additional

measurements that aid interpretation of the earlier results.




SECTION 2
MATERIALS

All porous ceramic materials tested in Reference 1 were
provided by Dow Chemical Company. The ceramic plates were about
75 mm in diameter and 10.3 mm thick with faces flat within 0.001
inch. The materials were nominally the same as discussed in
Reference 2 where their properties are fully disclosed.

Average densities reported in Reference 2 were nominally 85,
90, 95, and 98 percent of theoretical (2.52 g/cm3). Porosity was
uniformly distributed. The pore size was below about 5 microns.
Dow measured the physical properties of specimens. Their results
are summarized in Table 1.
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SECTION 3
ELASTIC SOUND SPEED
The density (pg) and longitudinal sound velocity (CL) in all
ceramic samples were measured in Reference 1. The data on s and
CL {(from Reference 1) are summarized in Table 2 below.

TABLE 2. SUMMARY OF THE DATA ON DENSITY AND SOUND
VELOCITY OF DOW B,C CERAMICS

4

Sound

Ceramic Density Porosity Velocity

Tile o, (asem®) (%) ¢, (mm/us)
HL1A 2.27 10 12.53
HL1C 2.26 8.97 12.51
HL1D 2.25 8.93 12.54
HL1H 2.24 8.90 12.50
HL3A 2.32 8.00 12.78
HL3B 2.35 6.70 12.83
HL2B 2.14 15 11.89
HL2C 2.11 16.30 11.83
HL4D 2.46 2.40 13.35
HL4F 2.46 2.40 13.26
HLS5A 2.41 4.40 13.01
HL5C 2.39 5.20 12.97
HLSD 2.40 4.80 13.03
HLSF 2.40 4,80 12.01
Pure B,C 2.52 ———— 13.42

4

The simplest analysis to explain the effect of porosity on
elastic modulus is that of Voigt. In this analysis, it is as-
sumed that the strain in the second phase material (the pore) is
the same as in the matrix. The resulting expression for the
elastic bulk modulus K is




K= (1-P) K (1)

P here is porosity, and K is the modulus of the matrix. The
sound speed is computed from the bulk modulus (K) and shear
modulus (G) using the equation

¢, = |k+tas3c (2)
pO

G is assumed not to change with porosity.

According to Reference 3, the recommended model for porous
ceramics is that of MacKenzie (Reference 4). His expressions for
the dependence of K and G on porosity are

;=___1__+3[ P ] (3)
K KS (1 - P) 4Gs 1 -P
Gs -G s 3Ks + 4Gs p (4)
G 9K _ + 8G
S S S

The porosity in the MacKenzie model consists of spherical voids.

Recent work on analysis of ceramics that have experienced
ballistic damage have used the degraded modulus theory of
Budianski (Reference 5). Budianski assumed penny-shaped cracks,
and derived the expression

X _ 3 [l_:;JLJ
KS 9 1 - 2y

Vo= v [1 - %ﬁ p] (5)

We have compared each of these moduli with the observations
summarized in Table 2. The results are shown in Figure 1. We




‘aprgae) uolog snoiod Ul spaads punog paldTpald pue paanseal jJo uostaedwod 1 8Inbiyg

K}isoiod
oz Gl ol S 0
L T T T T T T T | L{ L] Y L B T T T T o—
I—11-01 ]
4 1w
o
J C
-
Q
41
/3]
o
®
®
P
N
3
S|ZUSHIDN D 4 >
pisuoipng (XXM /)
YBIOA VOUTV ~
PSUNSDON FFFk J
Gi




see that the MacKenzie and Budianski models give very similar
results, even though the assumed pore geometry is quite
different. These two models also give the reasonable agreement
with the data for P < 10%. However, for P > 10%, the agreement
cannot be considered good.




SECTION 4
HEL MEASUREMENTS

Hugoniot elastic limit (HEL) values were measured in
Reference 1 by placing a manganin gauge on the back of a ceramic
disk backed by PMMA. The gauge was electrically insulated from
the ceramic by a mylar sheet between the gauge and the ceramic.
Best results were obtained with mylar thickness of 0.015 inch. A
0.5 inch thick PMMA disk was glued on the top of the gauge as
shown schematically in Figure 2. Hysol epoxy was used to bond
different layers in the target. Since the mechanical impedance
of mylar is about the same as that of PMMA or epoxy, there were
no stress reverberations in the gauge. The rise time of the
stress pulse was fast enough to resolve the two wave structure
resulting from elastic-plastic like behavior of the target
material. The stresses recorded by the gauge are lower than
those in the test material by a factor depending on the impedance
ratio of the target material and PMMA. This allows the usage of
the gauge for shock stresses as high as 500 kbar.

A typical gauge record is shown in Figure 3. The target in
this shot (7-1285) was 90 percent dense (HLIH) and was impacted
by a 4.1 mm thick copper impactor at a velocity of 1237 m/s. The
two wave structure is very clear in this record which was also
the case with the other HEL measurements. The value for the HEL
was determined by the amplitude of the first wave at the PMMA-
specimen interface (01) through the well known relation:

ZSp + ZP

.0 (6)
2 x ’pMma 1

HEL =

where Z stands for the acoustic impedance. The accoustic im-
pedance of the B4C was taken as pocL'
Table 2. Care was taken that ZPMMA was evaluated at the

relevant point on the Hugoniot of PMMA. The results for the HEL

using the values in
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Figure 2. Schematic Representation of the Impactor and Target
Assembly for HEL Measurement.

£ v N S~

—

Figure 3. Oscilloscope Record of Manganin Gauge from HEL
Experiment on 90 percent dense B4C. Scales

0.5 v/div and 0.5 .s/div.




values for the different B,C specimens are listed in Table 3, and
one can clearly see the decreasing values as porosity increases.

TABLE 3. RESULTS FOR THE HEL VALUES OF THE B4C SPECIMENS.
(REFERENCE 1)

Measured ol HEL

Specimen/Density in PMMA (kb) (kb)
HL1A 2.23 36 133
HL1H 2.24 37 137
HL2C 2.11 27 96
HL4D 2.46 41 173
HLA4F 2.46 40 169
HLSB 2.40 38 162
HLSF 2.40 39 164
Pure B,C 2.52 - 194

4

Steinberg (Reference 6) developed a model for the influence
of porosity on HEL values. Yaziv (Reference 7) successfully
applied this model to data for porous BeO.

This model assumes that the change in volume between the
initial state and the HEL is the same for both the fully dense
and the porous material. This assumption is tantamount to assum-
ing that up to the HEL, the stress acts on the matrix material
only, i.e., it requires plastic flow to close the pores. Thus,

(Av) = v, - Vygr, = const (7)

Writing the jump equation for stresses in the elastic range we
get:

v
o=poci-e=pociA—=pgciAv (8)

o

10




from which we obtain:

av = HEL const (9)

This leads finally to:

s P zF zos
HEL s HEL

2

(10)

where P and S stand for porous and solid material, respectively.

Using HEL = 194 kb for the fully dense B,C we calculated the
HEL of porous samples and these are compared to the measured HEL
values in Table 4 and Figure 4. We find that the simple model
predicts the HEL values of porous ceramics quite well.

TABLE 4. COMPARISON BETWEEN PREDICTED AND MEASURED HEL
FOR POROUS B4C CERAMIC

Porosity HEL (kbar)
Sample (%) Measured Calculated
HL2C 16.3 96 + 2 106
HL1A 10 137 + 2 137
HL1H 11.1 133 + 2 137
HLS5B 4.80 162 + 4 165
HLSF 4.80 164 + 4 165
HLA4D 2.46 173 + 2 183
HL4F 2.46 169 + 2 180

11
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SECTION 5
TRANSVERSE STRESS RESULTS

The transverse gauge technique used in Reference 1 is
described in Reference 8. It enables one to directly measure the
shear strength of shock loaded specimens. We used this technique
to measure the shear strength of shocked alumina (AD85) in
Reference 9. The gauges we used in Reference 1 were narrower
than the gauges used in Reference 8, in order to reduce the shock
transit time through the gauge. Figure 5 shows schematically how
the gauge is emplaced in the target. Thin mylar sheets (0.001
inch thick) were used in order to electrically insulate the gauge
from the boron carbide specimens.

The target geometry used in Reference 1 was also similar to
that used in Reference 8. The driver (front) B4C plate was
either 10 mm or 6.35 mm thick. The signals resulting from the
transverse gauges showed a continuously rising transient as shown
in Figure 6 from Shot 7-1311. This shot was performed on fully
dense B4C with a 10 mm thick driver plate. A copper disk (4 mm
thick) was used as an impactor at a velocity of 739 m/s. In the
original interpretation of the gauge records, we took the maximum
gauge signal as an indicator of the maximum transverse stress.

Reconsideration of these experiments, taking into account

the high sound speed in B,C, indicates that when the driver plate

was 10 mm thick, the late:al release from the edges of the flyer
plate arrived at the transverse gauge only 1 gs after the plane
wave; for the thinner driver plates the delay was 1.2 gs. Thus,
we realized that perhaps the records such as shown in Figure 6
should be reinterpreted--the initial plateau of the signal may

represent the transverse stress.

In order to check this hypothesis, we conducted an addi-
tional test in which we embedded the transverse gauge between two
10 mm thick half disks and did not use a driver plate. The shock
reached the transverse gauge location in about 0.2 to 0.3 us

13
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Figure 5. Schematic Representation of the Transverse Gauge
Assembly.

Figure 6. Oscilloscope Record of Transverse Manganin Gauge
in Shot 7-1311. Scales 1.0 v/div and 0.5 us/daiv.
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depending upon its position with respect to the impact surface.
The sample was a 10 percent porous specimen (type HL3). The
disks were backed by a 12.7 mm PMMA block. The flyer plate was
copper.

We noted that air bubbles appeared at the PMMA-specimen
interface when this target was removed from the bonding assembly.
This is a strong indication that one should be very careful about

bonding B,C specimens with epoxy resin. Roughening the surfaces

4
may be one way to improve on this problem, using a different

epoxy may be another one.

The impact velocity in this shot was 560 m/s. The
transverse gauge record from this experiment is shown in
Figure 7. The gauge signal becomes noisy after the arrival of
the shock wave. The negative transient is probably due to col-
lapse of air bubbles around the gauge. However, after about 0.5
s the gauge responds in the usual manner, and one can clearly
calculate the transverse stress from the flat plateau of the
gauge profile. The measured peak transverse stress was
22 kbar.

The measured value can be checked for consistency. The peak
shock stress in the specimen was elastic since O, = 105 kbar
which is below the HEL. Therefore, ¢
using the elastic equation,

y can be calculated from ax

g, = Vv . ax = 21 kbar (11)

for a Poisson’s ratio of v = 0.165 (Reference 2). The agreement
between experiment and prediction is excellent in this case.

After finding excellent agreement between the measured
transverse stress and the elastic prediction, we reanalysed the
transverse gauge data from Reference 1, using the first stress
level as a measure of ay. Treated in this way, the data in
Reference 1 also consistently shows elastic behavior when o, <
HEL.

15




Figure 7. Oscilloscope Record of Transverse Manganin Gauge
in Shot 7-1349. Scales 1.0 v/div and 0.5 .s/div.
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We recommend that more experiments should be done on these
materials especially above the HEL in order to determine whether

the shear strength of B,C decreases with shock stress, as some

4
authors claim.

17




SECTION 6
SUMMARY

The sound speed in porous B,C, as reported in Reference 1,

4
can be predicted with either a spherical void model (Reference 4)
or a penny crack model (Reference 5). However, neither model

does well for porosity exceeding about 10 percent.

The HEL data for B4C in Reference 1 can be predicted by the
porous media model of Steinberg (Reference 6).

The transverse stress in B4C should be measured using a
target design with no driver plate. Such tests help interpreta-
tion of transverse gauge data in Reference 1. The behavior of

B4C is found to be elastic below the HEL.

18
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